Abstract Emerging evidence has implicated G proteincoupled receptors, such as CXCR4 and PAR2, in breast cancer progression and the development of metastatic breast cancer. However, the role of proteins that regulate the function of these receptors, such as arrestins, in breast cancer has yet to be determined. Examination of the expression of the two nonvisual arrestins, arrestin2 and 3, in various breast cancer cell lines revealed comparable expression of arrestin3 in basal and luminal lines while arrestin2 expression was much higher in the luminal lines compared to the more aggressive basal lines. Analysis of normal human breast tissue revealed that arrestin2 and 3 were expressed in both luminal and myoepithelial cells of mammary epithelia with arrestin2 highest in myoepithelial cells and arrestin3 comparable in both cell types. Quantitative immunofluorescence-based examination of primary breast tumors revealed that arrestin2 expression significantly decreased with cancer progression from ductal carcinoma in situ to invasive carcinoma and further to lymph node metastasis (P \ 0.001). Moreover, decreased arrestin2 expression was associated with decreased survival (P = 0.0007) as well as positive lymph node status and increased tumor size and nuclear grade. In contrast, arrestin3 expression significantly increased during breast cancer progression (P \ 0.001) and increased expression was associated with decreased survival (P = 0.014). Arrestin3 was also an independent prognostic marker of breast cancer with a hazard ratio of 1.65. Overall, these studies demonstrate that arrestin2 levels decrease while arrestin3 levels increase during breast cancer progression and these changes correlate with a poor clinical outcome.
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Introduction
Breast cancer is the second most common and second deadliest cancer diagnosed in women each year [1] . Environmental and genetic factors influence the development of breast cancer causing it to be a disease of heterogeneity in which progression and prognosis differ significantly among individuals [2] [3] [4] . Hundreds of genes are thought to be involved in the etiology of breast cancer and it is now well recognized that the gene signature expressed by each tumor can greatly influence its invasive and metastatic potential [4, 5] . Through microarray and immunohistochemical analysis, breast cancer has been categorized into several major groups: luminal, which includes luminal A (ER?, PR-/?, and HER2-) and luminal B (ER?, PR-/?, and HER2?); basal-like or triple negative (ER-, PR-, and HER2-); and HER2? (ER-, PR-, and HER2?) [2] [3] [4] 6] . The genes expressed within these subgroups directly impact clinical outcome, and individuals with HER2? and basal-like subtypes have the shortest survival time and are more prone to disease recurrence than individuals with luminal subtypes [2, 4, 6] . However, with many genes potentially involved in breast cancer development and progression, the discovery of new prognostic markers to further categorize breast cancer into distinct subgroups will help our understanding and treatment of this complicated disease. G protein-coupled receptors (GPCRs) comprise the largest and most diverse family of cell surface proteins [7] . GPCRs respond to a variety of stimuli and regulate a range of physiological functions such as sensory and cardiac function, immune response, metabolism, hormone release, and cell growth, survival, and migration. GPCRs also represent the most heavily targeted signaling molecules by the pharmaceutical industry, because alterations in normal function often result in disease [8, 9] . It is now becoming well accepted that GPCRs play a major role in the development and progression of cancer. Cancer cells often utilize normal GPCR function to foster growth, angiogenesis, transformation, and metastatic potential [8] . The three main mechanisms whereby cancers exploit normal GPCR physiology include activating mutations, such as in endocrine tumors, expression of constitutively active GPCRs by viruses, and overexpression of GPCRs, which is most common to breast cancer [8] .
Although GPCRs have a clear involvement in cancer, the proteins that regulate GPCR function, such as GPCR kinases and arrestins, have not been well studied in human cancer. The arrestin family is composed of four members that include two visual arrestins (arrestin1 and 4), which are expressed in the retina, and two nonvisual arrestins (arrestin2 and 3 also known as b-arrestin1 and 2, respectively), which are ubiquitously expressed. Arrestins were first discovered for their ability to shut off or 'arrest' G protein signaling by binding to agonist-activated, phosphorylated GPCRs, resulting in the uncoupling of the receptor from G protein [10] . However, it is now recognized that the nonvisual arrestins are also multifunctional adaptor proteins and facilitate receptor trafficking via interaction with the endocytic machinery [11] and regulate signaling via interaction with a variety of signaling proteins [12] . Recently, it has been shown that the nonvisual arrestins can also translocate to the nucleus and regulate transcriptional events [13] .
A few studies have suggested a potential role for arrestins in the development of cancer. For example, nonvisual arrestins can regulate cell migration through their interaction with proteins such as ERK2 [14] , p38 [15] , cofilin [16, 17] , and PI-3 kinase [18] , suggesting that they could have a potential role in metastasis. Indeed, Buchanan et al. [19] used a mouse colorectal cancer model to show that arrestin2 mediates metastasis by the EP4 receptor through Src transactivation of the epidermal growth factor receptor. The nonvisual arrestins may also influence tumor aggressiveness via their ability to act as co-repressors. For example, arrestin3 was shown to function as a co-repressor of the androgen receptor in androgen-dependent prostate cancer, through its ability to scaffold MDM2 and facilitate receptor degradation [20] . Arrestin2 and 3 are also components of the centrosome and loss of arrestin promotes centrosomal abnormalities such as an increase in centrosome number, multinucleation, and microtubule nucleation capacity [21] . Interestingly, it was shown that arrestin overexpression reduced, while arrestin knock-down enhanced, centrosomal defects in MDA-MB-231 breast cancer cells, suggesting the possibility that altered arrestin expression might contribute to centrosomal abnormalities and chromosomal instability often seen in breast cancer [21] . Nonvisual arrestins also appear to foster tumor growth and aggressiveness through the creation of a favorable tumor microenvironment. In a murine lung cancer model, arrestin3 knock-out mice experience enhanced angiogenesis and metastasis because of increased CXCR2 and NFjB activity [22] , whereas transgenic mice overexpressing arrestin2 displayed enhanced tumor growth through an increase in angiogenesis because of increased MMP9 activity and VEGF secretion in a murine liver cancer model [23] .
Arrestin expression in primary tumors has not been thoroughly investigated. To date, only one study analyzed arrestin expression in primary tumors, specifically in a few prostate cancers [20] . However, these studies did not determine whether changes in arrestin expression correlated with disease progression or were associated with clinical outcome data. In this study, we performed a comprehensive examination of arrestin expression in breast cancer utilizing cell lines and primary human breast tumors. We found that expression of arrestin2 decreased with increasing breast cancer aggressiveness and was associated with positive node status, increased tumor size and nuclear grade, and decreased survival. In contrast, increased arrestin3 expression occurred with increasing breast cancer aggressiveness and was associated with decreased survival. Arrestin3 was also found to be an independent marker for prognosis through multivariate analysis. This is the first study to demonstrate that alterations in arrestin2 and 3 expression are associated with disease progression and clinical outcome and that arrestin3 expression is an independent prognostic marker of breast cancer. 
Materials and methods
Cell
Western blotting
Samples were run on a 10% SDS polyacrylamide gel, transferred to nitrocellulose, and blocked in 5% nonfat milk in TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl) with 0.1% Tween-20. Blots were incubated with arrestin2, arrestin3, e-cadherin, or vimentin antibodies (1:500-1:1,000 dilution) overnight at 4°C, washed with TBS with 0.1% Tween, and then incubated with the appropriate secondary antibody for 1 h at room temperature. Blots were washed and developed with either a West PICO or DURA chemiluminescence assay (Thermo Scientific, Pierce Protein Research Products, Rockford, IL). The loading control used was tubulin, which was detected with the secondary antibody IRDye 800 goat anti-mouse (Rockland Immunochemicals) and the ODYSSEYÒ infrared imaging system (Li-CorÒ Biosciences).
Breast tumor tissues
Progression array
A human breast cancer progression array was constructed using cutting edge matrix assembly (CEMA) [24] . In brief, this array was constructed with human breast tissues from the Thomas Jefferson University Hospital archive from 1970 to 1972 as described [25] . In total, the array comprised 180 deidentified patient tissues of which 40 were unmatched normal breast tissues, 20 ductal carcinoma in situ (DCIS), 100 invasive ductal carcinomas (IDC), and 20 lymph node breast cancer metastases.
Clinical array
A tissue microarray developed at Yale University has been described in previous studies [26] . The array contains 651 human breast cancer tissues from the Yale University Department of Pathology archive from 1961 to 1983. The patient cohort used to generate the array contains approximately half node-positive specimens and half node-negative specimens. Although complete clinical treatment information was not available for this cohort, the nodenegative patients were largely treated only by surgical resection while most node-positive patients were treated with local radiation and none received Herceptin. Approximately, 15% of the node-positive patients were treated with chemotherapy (primarily Adriamycin, cytoxan, and 5-fluorouracil) and subsequently *27% of the cases from 1979 to 1982 received tamoxifen (\5% overall).
Immunohistochemistry
Antibody specificity
Tissue arrays were deparaffinized in xylene and rehydrated in an ethanol gradient. Antigens were retrieved by heating slides in a pressure cooker in sodium citrate buffer (pH 6.0) (Biogenix, San Ramon, CA). Following antigen retrieval, slides were washed in washing buffer (TBS with 0.05% Tween-20; DAKO, Carpinteria, CA) and incubated with a peroxidase-blocking buffer (DAKO) for 15 min at room temperature. Slides were washed in washing buffer and blocked with protein-blocking buffer (normal goat serum, Biogenix) for 20 min at room temperature. Tissues were incubated overnight with the following primary antibodies diluted in antibody dilutent buffer (DAKO): arrestin2 (rabbit polyclonal generated and purified in the lab, 1:1,000) alone or with saturating amounts of glutathione S-transferase (GST) or GST-arrestin2 blocking peptide (BP), and arrestin3 (rabbit polyclonal generated and purified in the lab, 1:500) alone or with saturating amounts of GST or GST-arrestin3 BP. Following overnight incubation, slides were washed in washing buffer and incubated with horseradish peroxidase (HRP) conjugated antirabbit secondary antibodies (DAKO) for 20 min. Slides were washed with washing buffer, incubated with substrate-chromagen solution, 3,3 0 -diaminobenzidine (DAB) (DAKO) for 5 min, washed in distilled water, and counterstained with hematoxylin for 10 min. Slides were washed in washing buffer followed by distilled water and dehydrated in ethanol gradient and xylene baths. Cover slips were mounted and evaluated for positive staining.
Progression array
Antigen retrieval and blocking of peroxidase activity and nonspecific binding were performed as described above. Slides were incubated overnight with the following primary antibodies diluted in antibody dilutent buffer (DAKO): arrestin2 (1:1,000) and pan Cytokeratin (DAKO, AE1/AE3, mouse, 1:100) for detection of tumor mask. Following overnight incubation, slides were washed in washing buffer and incubated with HRP-conjugated antirabbit antibody (DAKO) for 30 min at room temperature, washed with washing buffer, and incubated with Cy5-tyramide (Perkin Elmer, Waltham, MA). Slides were then incubated with Alexa-Fluor 488-goat anti-mouse (Molecular Probes) for 30 min at room temperature. Slides were washed with washing buffer and mounted with 4 0 ,6-diamidino-2-phenylindole (DAPI)-containing mounting media.
Clinical outcome array and arrestin3 progression array
Slides were deparaffinized and antigens retrieved using a low-pH and a high-pH retrieval for arrestin2 and arrestin3, respectively, with the DAKO PT-module. The DAKO Autolink Plus autostainer was used for staining. Slides were first incubated with a peroxidase-blocking buffer (DAKO FLEX Peroxidase Block) for 10 min and subsequently with protein block for 30 min. To stain for arrestin2, slides were incubated for 20 min with arrestin2 (1:1,000) and pan Cytokeratin (1:100) primary antibodies. To stain for arrestin3, slides were incubated overnight with arrestin3 (1:400) and pan Cytokeratin (1:100) primary antibodies. Following incubation with primary antibodies, slides were washed in DAKO washing buffer to remove unbound primary antibodies and incubated with HRPconjugated antirabbit antibody (DAKO) and Alexa-Fluor 488 or 555 goat anti-mouse (molecular probes). Slides were washed with washing buffer, incubated with Cy5-tyramide, washed with washing buffer, and mounted with DAPI-containing mounting media.
Automated quantitative analysis
To quantify immunohistochemical immunofluorescence of arrestin2 and 3, the AQUA/PM2000 platform (HistoRx, New Haven, CT) was utilized because it objectively determines intensities [27] . For the progression array, three to six spots were manually selected per tissue while the clinical array slides were automatically scanned for spots. Images were captured for AQUA analysis in the following channels: FITC/Alexa-488/555 (pan cytokeratin), Cy5 (arrestin2 or 3), or DAPI (nuclei). Tumor tissue was identified and tumor mask created using pan cytokeratin positive cells only. Arrestin2 and arrestin3 intensities were measured only in tumor mask (cytokeratin-positive cells) and mean logarithmic signal intensities were reported. It should be noted that AQUA scores are relative values defined by average pixel intensity of target signal within the cytokeratin-positive tumor mask, and are not directly translatable into absolute protein equivalents. All images were validated manually.
Statistical analysis
For the progression array, a one-way ANOVA test was used to determine overall differences in the various breast cancer stages, whereas Tukey's post hoc test was utilized to determine difference between stages (GraphPad Prism Version 4.0, GraphPad Software, Inc, San Diego, CA). For the clinical array, a one-way ANOVA test was utilized to determine overall differences in tumor size and nuclear grade (SPSS version 16.0, SPSS, Inc, Chicago, IL). Tukey HSD post hoc test was utilized to determine differences between groups. Student's t test was used for clinical marker comparisons, such as estrogen receptor (ER), progesterone receptor (PR), HER2?, and triple negative status (SPSS version 16.0). Kaplan-Meier curves and adjusted Cox proportional hazards analysis were utilized for survival analysis with an endpoint of breast cancer-specific death (SPSS version 16.0). Cut points for the survival analysis were determined using X-tile software which uses cross-validation to produce P-values for multiple cutpoints [28] . Univariate and multivariate Cox proportional hazards regression models were used to determine the hazard ratio (HR; SPSS version 16.0), and P values \0.05 (*), \0.01 (**), and \0.001 (***) were considered statically significant. Results are reported following the guidelines for the reporting of tumor marker studies (REMARK) [29] .
Results
Arrestin2 is differentially expressed in breast cancer cell lines
Previous studies have demonstrated that breast cancer cell lines are representative of the different breast tumor subtypes and that studies carried out with these lines are directly applicable to primary breast tumors [5] . In addition, the profile of genes expressed in breast cancer cell lines directly correlates to invasive potential. For example, basal-like lines migrate efficiently, display a poorly differentiated phenotype, lack substantial cell-cell adhesion and nuclear organization when grown in 3D culture, and exhibit a mesenchymal morphology with invasive projections [5, 30] . In contrast, luminal breast cancer cell lines migrate poorly, are well differentiated, and the majority grow in 3D culture with acceptable adhesion characteristics and nuclear organization [5, 30] .
To determine whether arrestin expression varied with cell lines of varying aggressiveness, we analyzed the expression of arrestin2 and 3 using subtype-specific antibodies in five luminal and four basal-like breast cancer cell lines (Fig. 1) . Interestingly, we found that although the expression of arrestin3 did not vary substantially between the luminal and basal-like breast cancer lines, the expression pattern of arrestin2 was dramatically different. In general, the luminal lines expressed more arrestin2 than the more aggressive basal-like lines suggesting that a loss of arrestin2 expression may affect parameters associated with invasive cancers, such as de-differentiation and increased metastatic potential. One exception to this expression pattern was the basal-like line HS578t, which had arrestin2 levels similar to the luminal lines as well as very low levels of arrestin3.
Expression of arrestin in vivo
To determine if arrestin expression can be detected in vivo, we stained for arrestin2 and 3 in primary human breast ductal type carcinomas by immunohistochemistry (IHC). Utilization of either the arrestin2 (Fig. 2, panel a) or arrestin3 (Fig. 2, panel d) antibody alone yielded positive staining as denoted by DAB-chromagen reactivity. Incubation of the antibodies with the GST-immunizing blocking peptides effectively blocked arrestin2 (Fig. 2, panel b) and arrestin3 (Fig. 2, panel e) staining, whereas incubation of the antibodies with GST did not affect the staining pattern (Fig. 2, panels c and f) . Previous characterization of these antibodies using arrestin2 and arrestin3 depleted cells (using either RNA interference or cells from knock-out animals) validated the specificity of these antibodies [21] .
Arrestin2 and 3 are expressed in the luminal and myoepithelial cells of the normal mammary duct Normal mammary epithelia are composed of two cell types, luminal cells and myoepithelial cells. Luminal cells form the polarized inner layer of the mammary ducts and acini that function in lactating females to produce milk [31] . Myoepithelial cells border the polarized luminal compartment and form contacts with the surrounding stroma where they function as a contractile layer to facilitate movement of milk during lactation and as a mediator of communication between the stroma and luminal cells [31] . Myoepithelial cells are also believed to establish and maintain breast tissue polarity, potentially through the deposition of laminin, and loss of laminin deposition may contribute to de-differentiation and de-polarization of luminal cells during cancer progression [32] . Using the DAB IHC method, we found that arrestin2 was expressed in both cell types of the normal mammary duct (luminalblack arrow and myoepithelial-yellow arrow) with expression being highest in the myoepithelial cells (Fig. 3a, left two panels) . Arrestin3 was also expressed in both cell types, albeit at a comparable level (Fig. 3a , right two panels). To confirm these staining patterns, we utilized an immunofluorescent IHC method. Cells positive for cytokeratin (green staining) were identified as luminal cells (Fig. 3b and c, white arrow) , whereas cytokeratin-negative cells surrounding the duct were identified as myoepithelial cells (Fig. 3b/c, yellow arrow) . A dotted border is also utilized to distinguish myoepithelial and luminal compartments. Similar to the DAB method, arrestin2 (Fig. 3b , white or red) was expressed in both mammary epithelial cell types, with highest expression in myoepithelial cells. In contrast, arrestin3 (Fig. 3c , white or red) had comparable expression in both cell types and also appeared to have a punctate pattern. Staining of breast tumor tissue further Fig. 1 Arrestin expression in breast cancer cell lines. Using Western blot analysis, arrestin2 and 3 expression was evaluated in five luminal and four basal-like breast cancer cell lines. E-cadherin and vimentin were used as markers of luminal and basal-like breast cancer, respectively. Expression of arrestin3 was similar between the subtypes. However, arrestin2 expression was subtype dependent, with expression greatest in luminal breast cancer cell lines demonstrated the specificity of the antibody since the antiarrestin3 produced a punctate pattern of staining, whereas no staining was observed with secondary antibody alone (Fig. 3d) .
Arrestin expression changes with breast cancer invasiveness
Although a number of studies have alluded to the potential involvement of arrestin in cancer progression, it has yet to be examined whether this could involve changes in arrestin expression. Because the majority of breast cancers are derived from normal luminal epithelial cells, we analyzed the expression of arrestin in luminally derived cancers using automated quantitative analysis. Luminal cancer cells were identified in the tissue sections by staining for cytokeratin (green) and arrestin2 or 3 expression (red), were then analyzed and quantitated in cytokeratin-positive cells. Unfortunately, we were unable to compare arrestin2 expression in normal breast tissue versus breast cancer tissue because we could not accurately quantify arrestin2 expression in normal mammary luminal cells because of its high expression in the bordering myoepithelial cells (Fig. 3a, b) . However, we were able to examine the expression of arrestin2 in a progression array of different breast cancer stages and information on arrestin2 expression was obtained for 19 samples of ductal carcinoma in situ (DCIS), 97 invasive (infiltrating) ductal carcinomas (IDC), which included 19 IDC grade 1, 40 IDC grade 2, and 38 IDC grade 3, and 20 lymph node metastases. Interestingly, we found that arrestin2 expression significantly decreased from DCIS to IDC to metastatic lymph node samples (Fig. 4a, b ) (ANOVA, P \ 0.001). The average expression of arrestin2 was approximately 1.5-2.4-fold higher in DCIS as compared to IDC stages 1-3 (Tukey's post hoc test, P \ 0.001), whereas expression of arrestin2 was 3.1-fold higher in DCIS as compared to metastatic lymph node samples (Tukey's post hoc test, P \ 0.001). These studies reveal that arrestin2 expression decreases with the severity, invasiveness, and progression of breast cancer.
Because arrestin3 has comparable expression in myoepithelial and luminal cells, we were able to compare arrestin3 expression in normal and cancer tissue. We obtained information on arrestin3 expression in 35 normal, 16 DCIS, 75 IDC, which included 16 IDC grade 1, 30 IDC grade 2, and 29 IDC grade 3, and 19 metastatic lymph node samples. Interestingly, we found that arrestin3 expression increased with development of invasive breast cancer, specifically with IDC and metastastic lymph nodes ( Fig. 5a/b ; ANOVA, P \ 0.001). Although the 1.3-fold increase in arrestin3 expression was not statistically different between normal and DCIS, statistically significant increases in arrestin3 expression were observed between normal tissue and either IDC or metastatic lymph nodes (Tukey's post hoc test P \ 0.001). A 2.1-2.8-fold increase in arrestin3 expression was seen in IDC grades 1-3 in 3 Arrestin is expressed in luminal and myoepithelial cells of the normal mammary duct. a Normal tissue was stained for arrestin2 (left 2 panels) or arrestin3 (right 2 panels) and counterstained with hematoxylin. Arrestin2 is expressed in both cell types, with greatest expression in myoepithelial cells, while arrestin3 is expressed at comparable levels in both cell types (myoepithelial: yellow arrow, luminal: black arrow). b and c Normal tissue was stained through immunofluorescent immunohistochemistry for arrestin2 (Arr2; b) or arrestin3 (Arr3; c) (red), cytokeratin (CK) (green) to identify luminal cells, and DAPI (blue) to identify nuclei. Arrestin2 and arrestin3 are expressed in both myoepithelial (yellow arrow) and luminal cells (white arrow). Arrestin2 displayed greatest expression in myoepithelial cells, whereas arrestin3 was expressed equally in both compartments. clinical markers, such as ER and triple negative status (Table 1) . ER status was available for 473 patients, of which 55% were found to be ER positive. A statistically significant decrease in arrestin2 expression was seen for ER negative patients (P = 0.00045) while no association was seen with PR status. Information on HER2 expression was available for 467 patients, in which 7% were HER2?, and a decrease in arrestin2 expression was seen for the HER2? subtype, although it was not statistically significant (P = 0.061).
Triple negative status was evaluated in 467 patients and 24% were found to be triple negative with arrestin2 expression being reduced in these patients (P = 0.048). Decreased arrestin2 expression also associated with clinical features of increased tumor aggressiveness, such as higher grade (nuclear grade), higher T stage (tumor size), and node-positive status (Table 1) . Nuclear grade was used as a read out of tumor grade in this study and 16% of the patients were grade 1, 55% were grade 2, and 29% were grade 3. Tumors of increasing nuclear grade had a statistically significant reduction in arrestin2 between grades 1 and 3 (P = 0.005) and between grades 2 and 3 (P = 0.040). Similar to nuclear grade, tumors of increasing size displayed reduced arrestin2 expression (P = 0.013). Tumor size was grouped according to T staging with \2 cm (T1), 2 to\5 cm (T2), and C5 cm (T3) [33] . About 34% of patients were at the T1 stage, 48% were T2, and 18% were T3. T3-stage tumors expressed less arrestin2 than T1 (P = 0.010) while no significant difference in expression was observed between T1 and T2 or T2 and T3. The greatest change in arrestin2 expression was observed in patients who were node negative (218 patients) versus node positive (258 patients) with a decrease in the nodepositive patients (P \ 0.001).
Data for arrestin3 expression were obtained for 458 patients. We saw no significant association between arrestin3 expression and ER, PR, or triple negative status, although HER2? patients had a statistically significant decrease in arrestin3 expression (P = 0.014, Table 2 ). No significant association in arrestin3 expression was observed with tumor size, nuclear grade, or node status ( Table 2 ).
Arrestin expression is correlated with survival Interestingly, we found that both arrestin2 and arrestin3 expression significantly correlated with patient survival. Table 3 summarizes the number of patients, events, and censored cases evaluated in the univariate and multivariate survival analyses. For arrestin2, survival information was available for 430 patients. Average follow-up time was 12.65 years and median follow-up time was 8.87 years. A cut-point was obtained and validated using X-tile in which patients were grouped into two subcategories: low-arrestin2 expression (148 or 34% of the patients) and high-arrestin2 expression (282 or 66% of the patients; Table 4 and Fig. 6a) . Individuals within the low-arrestin2 group expressed an average intensity of 178, whereas individuals within the high-group expressed an average intensity of 254 (Table 4) , an *43% average increase over the low group. Individuals within the low-arrestin2 group survived for the shortest period of time ( Fig. 6a ; P = 0.0007) with 50% survival of 7.7 years (Table 4) . In striking contrast, 50% of individuals within the high-arrestin2 group did not die from the disease until follow-up year 24.8. This finding was supported by univariate analysis, in which a 1.6-fold greater risk of breast cancerrelated death was seen for patients expressing low arrestin2 as compared to high arrestin2 (P = 0.001, univariate Cox proportional hazards regression, Table 6 ).
For the arrestin3 survival analysis, information was available for 411 patients. Average follow-up time was 12.57 years and median follow-up time was 8.87 years. A cut-point was generated using X-tile and individuals were grouped into either a low-arrestin3 (368 or 90% of the patients) or a high-arrestin3 (42 or 10% of the patients) expressing group (Table 5 and Fig. 6b) . Individuals within the low group expressed an average intensity of 1,110 and individuals within the high group expressed an average intensity of 1,873, an *69% average increase in expression (Table 5 ). In contrast to arrestin2, increased arrestin3 expression was associated with decreased survival (Fig. 6b) (P = 0.014) with 50% of the individuals in the high group dying by follow-up year 5.3 in comparison to 17.4 years for the low group (Table 5) . Univariate analysis supported this observation in which individuals with higharrestin3 expression had a 1.65-fold greater risk of breast cancer-related death than those in the low-arrestin3 group (P = 0.016, univariate Cox proportional hazards regression, Table 6 ). These data demonstrate that low-arrestin2 expression or high-arrestin3 expression correlates with breast cancer-specific death.
Arrestin3 is an independent breast cancer prognostic marker To determine whether arrestin2 or arrestin3 is independent prognostic marker of breast cancer, a multivariate analysis was performed. When adjusting for parameters such as age at diagnosis, race, tumor size, tumor grade, ER status, PR status, Her2 subtype, and lymph node status, arrestin2 was not found to be an independent marker (P = 0.520, HR = 1.116, multivariate Cox proportional hazards regression, Table 7 ). However, when lymph node status was eliminated from the multivariate analysis, arrestin2 was an independent prognostic breast cancer marker (P = 0.039, HR = 1.386, multivariate Cox proportional hazards regression-data not shown). Arrestin3 was found to be an independent prognostic marker in multivariate analysis when adjusting for all parameters (P = 0.027, HR = 1.65, multivariate Cox proportional hazards regression, Table 8 ). Individuals within the high-arrestin3 group experienced a 1.65-fold greater risk of breast cancer-related death. This is the first demonstration that arrestin3 expression can serve as an independent marker of outcome in individuals with breast cancer.
Discussion
Because changes in GPCR expression appear to play an important role in the development of some breast cancers, we studied whether proteins that regulate the function of GPCRs, such as arrestins, are also altered in breast cancer. We initially analyzed several breast cancer cell lines of varying aggressiveness and found that arrestin2 expression was significantly reduced in more aggressive basal-like lines as compared to luminal lines, whereas arrestin3 expression did not change significantly between the two subtypes, although its expression was somewhat variable in the basal-like cell lines (Fig. 1) . To determine whether arrestin expression changes in vivo, we evaluated primary human breast samples. In normal breast tissue, both arrestins were expressed in the luminal and myoepithelial cells (Fig. 3) . Arrestin2 expression was much higher in myoepithelial cells versus luminal cells and may serve as a marker for well-differentiated myoepithelial cells that comprise the normal mammary duct. The high expression of arrestin2 may have relevance to regulation of the oxytocin receptor, a GPCR that is expressed in the brain, ovary, uterus, and testis as well as in mammary myoepithelial cells [34] . Signaling through the oxytocin receptor regulates many critical physiological pathways involved in reproduction and pregnancy, such as differentiation and possibly myoepithelial cell proliferation [35] , milk ejection during lactation [36] , and development of the postpartum mammary gland [37] . Fig . 6 Arrestin expression is correlated with survival. a Arrestin2 expression information was obtained for 430 patients with survival data by AQUA. Using X-tile analysis, individuals were grouped into either low-(n = 148) or high-arrestin2 (n = 282) expressing groups. Kaplan-Meier survival curves were generated for survival analysis. It was observed that individuals within the low-arrestin2 group experienced poor survival (P = 0.0007). b Arrestin3 expression information was determined for 410 patients with survival data by AQUA. Individuals were grouped into either low-arrestin3 expression (n = 368) or high-arrestin3 expression (n = 42) groups using X-tile analysis. Kaplan-Meier survival curves were generated for survival analysis. It was observed that individuals within the high-arrestin3 groups experienced poor survival (P = 0.014)
Through the use of two separate breast tumor tissue arrays, a progression CEMA array and a tissue microarray with clinical outcome data, we found that arrestin2 expression was reduced with tumor progression from DCIS to IDC to lymph node metastasis (Fig. 4) , whereas arrestin3 expression was increased with the development of invasive breast cancer and remained elevated during metastasis (Fig. 5) . Although decreased arrestin2 expression was associated with clinical parameters, such as ERand triple negative tumors and tumors of increased T stage, increased grade, and positive lymph node status, arrestin3 expression displayed no correlation with clinical parameters or receptor status. Importantly, it was found that the expression pattern of either arrestin correlated with patient survival. Those individuals with reduced arrestin2 expression had a significantly shorter survival compared to individuals within the high-arrestin2 group (Fig. 6a) , although arrestin2 expression was not an independent prognostic factor in multivariate analysis, unless node status was eliminated. In contrast, elevated arrestin3 levels were correlated with unfavorable survival in breast cancer patients (Fig. 6b ) and arrestin3 expression was found to be an independent prognostic marker by multivariate analysis. If confirmed in independent follow-up studies, more quantitative clinical tests based on arrestin3 levels could be developed with appropriate standardization to help inform physicians and patients about expected outcome. How might changes in arrestin expression contribute to tumor progression? Based on known arrestin functions, altered arrestin-mediated regulation of cell migration, centrosome function, or MDM2 activity might contribute to the development of cancer. Moreover, although structurally similar, arrestin2 and 3 have a number of distinct functions that could potentially explain their apparent opposite roles in breast cancer progression. For example, arrestin2 is a primary mediator of desensitization for some GPCRs, whereas arrestin3 plays a broader role in MAP kinase signaling. Good examples of this include the angiotensin II type 1A and V2 vasopressin receptors where arrestin3 plays a positive role in ERK1/2 activation while arrestin2 attenuates activation of this pathway [38, 39] . Thus, loss of arrestin2 or overexpression of arrestin3 could ultimately have similar effects on ERK1/2 activation and effects on cell growth.
Arrestin2 and 3 have both been implicated as regulators of cell migration and potentially of metastasis [14, 15, 19, 40] . However, differences exist in how arrestin2 and 3 may regulate migratory and metastatic events, such as through a differential ability to desensitize key receptors involved in migration or the ability to scaffold and regulate proteins involved in cell migration [41] . One example is the CXCL12-CXCR4 signaling axis. CXCL12 activates the chemokine receptor CXCR4, which is overexpressed in 23 different cancers including breast cancer, and plays a role in cancer development through its promotion of cell growth, angiogenesis, and metastasis [42] . While arrestin2 plays a role in endosomal sorting and degradation of CXCR4 [43] , arrestin3 plays the predominant role in CXCL12-mediated cell migration. Arrestin3-knockout mice are defective in CXCL12-mediated lymphocyte chemotaxis [44] and knockdown of arrestin3 attenuates CXCL12-dependent activation of p38 and cell migration in HEK293 cells [15] . Similarly, there is also evidence that supports the ability of arrestins to spatially control actin assembly. The PAR2 receptor, which has also been implicated in breast cancer, has served as a particularly useful model for gaining mechanistic insight into arrestinmediated cell migration. While arrestins have been implicated in regulating PAR2 desensitization, trafficking, and signaling, arrestin2 appears to have a larger role in desensitizing PAR2 signaling and enhancing internalization and degradation, while arrestin3 has a prominent role in cell migration [17, 40, 45] . For example, recent studies suggest that while both arrestin2 and 3 can scaffold cofilin and chronophin and regulate PAR2-mediated actin filament severing and membrane protrusions, arrestin3 plays a larger role in this process [17] . Therefore, both arrestins may promote cell migration and ultimately metastasis through differential mechanisms. Specifically, a loss of arrestin2 expression may lead to increased CXCR4 and PAR2 expression in breast cancer and promote increased signaling and metastatic potential while overexpression of arrestin3 in breast cancer may enhance CXCR4-and/or PAR2-mediated chemotaxis. Another possible link between arrestins and breast cancer involves their role in regulating centrosome function and genome stability. Chromosomal instability is a driving force for many human cancers and often results from errors that occur during mitosis [46] . The centrosome plays a major role in ensuring mitotic division occurs normally through its role in the nucleation of the bipolar mitotic spindle, cell cycle regulation, and cytokinesis [47] . Alterations in centrosome number and function have been shown to be prevalent in cancer, often resulting in chromosomal instability [48, 49] , and a number of studies have demonstrated that centrosomal abnormalities are highly correlated with breast cancer progression [50, 51] . Interestingly, the nonvisual arrestins localize to the centrosome and positively regulate centrosome function [21, 52] . Since loss of arrestin leads to centrosomal abnormalities similar to those observed in breast cancer [21] , a decrease in arrestin2 expression in breast cancer may promote the accumulation of centrosomal abnormalities that drive tumor aggression. In support of this hypothesis, overexpression of arrestin2 in the breast cancer cell line MDA-MB-231, which displays high centrosomal abnormalities [50] and express low levels of arrestin2 (Fig. 1) , partially rescued the centrosomal defect of multi-nucleation [21] .
Nonvisual arrestins might also influence breast cancer progression through an ability to interact with the ring finger E3 ubiquitin ligase MDM2 [53] . MDM2 ubiquitinates and promotes proteasomal degradation of p53 and inhibits p53's tumor suppressor function [54] . In vivo studies have shown that overexpression of MDM2 can drive tumor development possibly through p53 dependent and independent mechanisms [55, 56] . Because the interaction of arrestins with MDM2 potentially inhibits p53 degradation [53] , a loss of arrestin2 in cancer might lead to enhanced p53 degradation and loss of its tumor suppressor function. Interaction of arrestin2 with MDM2 also mediates the ubiquitination and degradation of the insulin-like growth factor-1 receptor (IGF-1R) [57] . The IGF-1R plays an important role in cancer development through its ability to promote proliferation, transformation, invasive/metastatic potential, and protection from apoptosis [58] and in vitro studies have shown that IGF-1R signaling drives oncogenic activity in breast cancer [59] . It has also been demonstrated that IGF-1R is overexpressed in human breast tumors [60, 61] and may exhibit enhanced activity [62] . A decrease in arrestin2 expression in breast tumors might attenuate IGF-1R ubiquitination and degradation leading to enhanced mitogenic and antiapoptotic activity and invasive/metastatic potential.
Overall, we conclude that a loss in arrestin2 or increase in arrestin3 correlates with a more aggressive and advanced form of breast cancer. Further studies will be needed to determine the mechanisms involved in mediating changes in arrestin expression and to determine whether differential changes in arrestin directly affect breast tumor invasiveness and aggressiveness.
